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ABSTRACT

g

(Distribution Limitation Statement B)

Research has been conducted to determine the variables involved in the use of

the sodium silicate treatment technique and in the design of a system which

utilizes or controls these variables for the efficient control of corrosion of

steel, galvanized steel, and copper piping exposed to hot, potable water. Test

loops were designed and ccnstructed at nine selected sites to investigate the

influence that temperature, flow velocity, water chemistry, and silicate formu-

lation and dosage have on the effectiveness of sodium silicate as a corrosion l 9
‘ inhibitor for steel, ganvanized steel, and copper piping exposed to heat (140°F

and 180°F) in aggressive, potable water of four different compositions. Recom-

mendations are made to conduct further research to determine (1) silicate ‘
treatmenc variables involved in treating iow alkalinity and low hardness water;

(2) the practicality of employing silicate treatment of hard water; (3) the 1
effe~tiveness of zinc salts as a supplement to silicate; and (4) the corrosion
resistance of ASTM A-268 Grade 409 stainless steel.
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SECTION I
INTRODUCTION

The purpose of thls investigation has heen to determine
the factors involved and to design treatment methods for obtaining
greater effectiveness of silicate in treating hot potable waters
of varied composition. Corrosion has been a problem in large
central hot domestic water systems ever since their inception.
Although properly applied silicate treatment has provided an
acceptable solution, a complete understanding of the technology
involved and the full effectiveness of this method of treatment
h2ve not been attained. Experience in the State of Illinois
institutions (Ref. 1) had disclosed that sodium silicate
(8 ppm added silica) treatment applied to water of blended
hardness content of 60-90 ppm and the pH adjustment to 8.2, were
effective in controlling the corroslon of galvanized steel and
copper in corrosive waters. This study has been designed largely \
to verify this conclusion and to further investigate variables
assocliated with the corrosion process involved.

Research conducted in closed circulatory systems has not |
yilelded the samé corrosive conditions experienced in actual hot ?
water systems in which appreciable make-up water is added 1
continuously to the system. Accordingly, thls fact and the cost !
of the wastage of large volumes of hot water were recognized as
important in the designing of the experimental apparatus. The
test sites and test equipment were therefore generally designed
into actual institutional hot water systems, in which the water
and heat losses were ccnsidered a part of the cost of the opera-
tion of the system and did not need to be considered. It was .
planned to conduct tests at three Illinols state institutilons and

' _ at Chanute Air Force Base, Illincils.

In addition, a research'unit in which chemicals would be
applied that might deleteriously affect a large institutional
hot water system was necessary. This smaller unit was designed
so that results would be comparable to the large institutlonal
systems and the water wastage and heat losses would be reasonable.




Comparison of the results obtained with this unit and an institu-
tional type test unit 1in the same water supply was provided at the
Chanute Air Force Base and indicated that equivalent results could
be obtained with both units.

Past research indicated that the protective deposits in
Eastern waters of low hardness and alkalinity content (10-50 ppm)
are composed mainly of silica (Ref. 2); whereas protective
deposits in the Midwestern waters of high hardness (approximate
10-170 ppm) and of high alkalinity (200-400 ppm) (Ref. 3) are
composed mainly of zinc carbonate and zinc oxide.

The influence of veloclty in the normal range of 0.5-6 ft/sec
had not been studied; also, the effect of various water quality
factors (such as hardness, alkalinity, chloride, sulfate, dissolved
oxygen, pH, calcium carbonate saturation index, silica, copper,
etc.) on the corrosion of steel, galvanized steel, and copper
piping required further study. Primarily the concern had been
with corrosion at 140°F (the normal temperature of domestic hot
water); however, the corrosion of 180°F water, as employed for
dishwashing and laundry use, also required study since there was
little information on the proper materials or practices for
controlling corrosion at this temperature.

The necessity of studying the available methods of determining
the corrosivity of water at these temperatures and deciding on the
best method was recognized. In addition, the role of crevice and
galvanic corrosion in this corrosion process was recognized to be
of importance, and development of appropriate test methods was
requlired.

Past research has shown that lengthy tests of 6-24 months
were necessary to differentiate between methods of treatment.
Thls meant that few tests could »e conducted on the planned
systems during the l-year test period allotted. Accordingly,
it was decided that screening type tests should be corducted to
determine the most significant tests to run to obtain indicative
results within the year period.




The design of a chemical feeding system, based on cxnerience
in the Illinois State Institutions, was also to be provided for a
typical Alr Force installation. This 1s presented as Appendix VI,

The text of this report includes a brief description of the
test design and testing methods, a discussion of the results and
recommendations for further research. Detalls of the test unit
assembly and the testing methods used are given in Appendixes
I-V; tables of data and illustrations are grouped at the end of

the appendix sections.




SECTION II
DESIGN OF TESTS AND METHODS OF TESTING

Corrosion test assemblies, as shown in Figures 1 and 2, were
located at the following test sites.

Test site Location Temperature (°F)
Ays A, Chanute Water Plant (research unit) 140, 180
B;» B, Chanute Base Exchange (P22) 140, 180
Lincoln State School Annex
Cq Delivery to system 140
C, Return from system 140
Dys D, Dwight State Reformatory 140, 180
E Pontiac Penitentiary 140

These test sites were chosen because of the different water
qualities avallable at these locations and because of their prox-
imity to the State Water Survey laboratory at Urbana. Specific-
ally, Chanute was chosen because it was an Air Force facility
having a hard, blended, and soft watcer supply for testing. The
Lincoln supply was chosen because c¢f 1ts rather high carbon
dioxide and its reported corrosiveness to copper and galvanized
steel, The Dwight supply was chosen because of its high chloride
and sulfate content and its known high degree of corrosiveness

to metals. The Pontiac supply was chosen because of its known
corrosiveness and because of its being a surface water supply
containing high dissolved oxygen.

The research unit, shown in Figure 2, was located at the
Chanute Air Force Base Water Plant where untreated well water,
blended water, and completely softened water were avallable for
testing. This unit was designed, as described in Appendix I,
to provide flow rates, water usage, and metal contact similar to
those in large institutional hot water systems.

The test units were designed to include circulatory pumps
in order that the effect of constant low to high velocities
(0.5-6.0 ft/sec) could be studled.




Since weight loss procedures have received the most accep-
tance in corrosion rate measurement and since the laboratory had
had the most experience with the weight loss method described in
ASTM D2688 Method C (Ref. 4), it was decided that this methed
should be the basic method for the determination of the corrosion
rates, as discussed in Appendix II. Need for a continuous
instantaneous measurement, such as the linear polarization method
described in ASTM D2776 Method B (Ref. 5), was also recognized.
Accordingly a portable tester (Ref. 6) was constructed. This
method was later shown to lack correlation with actual corrosion
occurring in the piping. This 1s because of the distinct differ-
ence in velocity and environment at the probe in the middle of the
piping and at the scaled pipe wall. The portable tester did serve
a useful function in indicating when the corrosion rate had
decreased to a steady constant rate, at which time the tared
specimens could be removed to obtaln the most pertinent infor-
mation on the corrosion rate.

Since galvanized pipe had been reported to be ncnuniform
in galvanizing, the piping used for corrosion testing was tested
for zinc content and uniformity of coating (Appendix III). Also
a 24-inch length of galvanized piping was included in each run
so that results could be compared with the results obtained with
the shorter pipe inserts and probes required in the above test

methods.

To evaluate galvanic corrosion between copper and steel,
test probes of these metals were installed and current measure-
ments were made tc determine the galvanic corrosion rate. 1In
addition, alternate l-inch length copper and galvanized steel
inserts were installed in place of the 4-inch inserts used in
the ASTM D2688 method. These shorter inserts were connected
electrically to provide good contact between the specimens and to
ensure a more accurate galvanic corrosion rate.

Crevice corrosion of the galvanized steel inserts was
evaluated by exposing unpainted steel areas, as described in
Appendix IV.




A

To determine the optimum pH and the proper preparation of
sillicate solutions for application in water treatment, screening
tests were conducted in the laboratory corrosion testing equip-
ment (Refs. 6,7,8). These tests, described in Appendix V, revealed
that equal results were obtalned with any one of four solutions:
namely, 0.5 or 5.0% solutions of liquid sodium silicate (41° Baume,
28.8% 810,, 9.2% Na,0, alkali-silica ratio 1:3.22); preparation
by neutrallizing the alkalinity with acid and ageing; cr preparation
by neutralizing the solution by ion exchange. These results seem
to be verified by a recent article (Ref. 9) which has disclosed
that activated, partially neutrallzed, or excessively prediluted
sodium silicate solutions were not as effective as fresh and
concentrated preparations in stabilizing iron solutions or in
providing desired characteristics of surface absorpticn. Surface
absorption characteristics (Ref. 10) are considered important in
the inhibition of corrosion of potable waters by silicates.

‘ N




SECTION III
DISCUSSION OF RESULTS

Because of the limited testing time, it nas been difficult
to develop definite conclusions on the effectiveness of silicate
in the different water supplies. Corrosion rates in distribution
water piping systems are highly variable in early stages and
decrease slowly to a steady rate. The normal piping materials
employed must be relatively corrosion resistant because of the
high cost of installation and replacement.

In the Illinois State Institutions, piping specimens are
normally exposed for at least a 24-month period in order to attain
sufficient weight losses for significant corrosion results.
Various techniques have been employed to speed up the results,
namely:

(1) Employing relatively high rate corrosive waters.

(2) Employing polarization methods of corrosion measurement
in order to observe when the corrosion rate had reached
a steady state.

(3) Employing steel (the base metal of galvanized steel and
a relatively noncorrosion-resistant metal) to determine
corrosion results upon perforation of the ga’vanizing.

(4) Employlng screening corrosion tests in order to learn

the most pertinent tests to conduct.

After the study was completed, it was recognized that all
water supplies studied were high in alkalinity (209-400 ppm) and
that it would have been preferable to have included waters of
lower alkalinity (50-200 ppm). This is planned in Phase II of the
project which is now under consideration for final approval.

In using the computer in analyzing the test results when
corrosion inhibitors were not applied, correlation values of
C.6-0.95 were obtained for the following water quality and
mechanical factors when related to corrosion (weight loss) test
methods.

— .



Water Quallity Va.lables Metals

EPM Chloride + Sulfate Galvanized Steel, Steel, and
Copper

Dissolved Oxygen Steel

Hardness (as CaCO.) Galvanized Steel, Steel, and

2 Copper

Hydrogen Ion Galvanlzed Stee., Steel, and
Copper

Instantaneous Calcium Carbonate

Index (Ref. 11) Galvanized Steel, Steel
Velocity Copper

These results were not unexpected since i1t has been known for some
time that these variables are important in determining the
corrosion rate of the metals studied.

Further determination of correlation values was “ess indica-
tive when water treatment variables were included in the program.
Analyzing the data 1in groups composed of waters of sinmilar
analysis, velocity, and temperature revealed more information;
however, the information desired on actual causative factors was
often obscured by conflicting data. Accordingly, careful
tabulation of the different corrosion rates obtailned by weight loss
(as total scale and corrosion products, and tight scale,
specifically) has been provided along with the results of the water
analyses, the results of inspection of the corrosion specimens,
and observations during the tests.

It appears that the corrosion inhibition of galvinized steel
in silicate treated water 1is largely dependent on the amount and
uniformity of the zinc and calcium carbonate scale formed on the
metal surface. Undoubtedly galvanic corrosion is involved between
the zinc and the iron, as well as the intermediate zinc-ircn alloy
layer, since initial corrosion may indicate numercus small black
pits, which apparently do not penetrate to the steel, whereas later
the entire surface may acjuire a gray-black and generally smooth
appearance. Silicate-caustic soda treatment is most ~{fective when
partially softened water (about 50-120 ppm hardness) 's employed.
The formaticn of zinc carbonate, zlinc pyrcsilicate, and caleium

cirtonate on the surface apparently provides ‘he necessary

A
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protective layer to Inhibit dissolution of the zine by carbon
dioxide at the lower pH of the untreated water.

Careful examination of the data reveals that liquid silicate
is the most effective inhibitor of galvanized steel in high
alkalinity aggressive watevs, while less aggressive waters (perhaps
total chloride and sulfate content below 100 ppm) might be
adequately treated with caustic soda by raising the pH to about 8.2.
Perhaps the role of silicate is in initially chelating the zinc
(iron in Eastern waters) so that a more immediate and continuous
protective film is formed in situ instead of the immediate
precipitation in the water or the development of a loosely adherent

scale.

Reflecting on the three metals involved in this study of
inhibltion by silicate, it is realized that the mechanisms of
inhibition may be entirely different for each. Whereas gaivanized
steel may depend largely on the formation of a protective layer of
basic zinc carbonate for inhlbition, it i1s likely the corrosion of
steel would be most effectively inhibited by the formation of a
tightly adnering oxlde film. Cepper which is subject To erosion-
corrosion above 3 ft/sec (or lower, at 180°F) may possibly be
inhibited at reasonable veloclties by high silicate treatment or
by the formation of a complete film of calcium carbonate.

Pertinent data obtalned at the different sites ares revealed
in Tables 1-5. Because of the prescribed short test periods and
the required long periods for development of steady-state corrosion
rates, some of the observed results at flrs* appeared anomalous and
could not be verified from corrosion theory and practice. However,
with recognition of the importance of bulk scale and corrosion
oroducts in inhibiting corrosion of galvanized steel, the importance
of determining corrosion rates without complete corrosion product
removal and using these values along with total scale and corrosion
products in interpretation was recognized. Along with this informa-
tion, corroboration has been obtalined from test observations, the
results of inspection of corrosion specimens, and the results of

water analyses for corrosion products.




In studying the specific data at the different sites as
revealed in Tables 1-5, the following observations and conclusions
were made.

(1) Galvanized Steel

With soft water (0-20 ppm hardness) plus added chloride and
sulfate at sites A, B; (140°F), silicate-caustic soda treatment
(as shown in Table 1) provided a lower corrosion rate (AB) and a
higher amount of scale and corrosion products (D) than the
untreated water test. At 180°F, the corrosion rate was somewhat
similar to that at 140°F cven though a greater amount of scale was
formed. At sites Cl’ 02, definite advantage was shown in treating
soft water (10-19 ppm hardness) with 6 ppm silicate plus caustic
soda to pH 8.1.

With blended hard water (63-77 ppm hardness) at sites D,
(140°F) and D, (180°F), the corrosion rate results did not verify
the known advantages of silicate treatment. However, the observed
reduced plugging of flow meters with iron corrosion products, the
lower iron in the water analyses shown in Table 1, and the known
reduced maintenance experienced at this institution by this treat-
ment cf highly mineralized water provide evidence that silicate is
effective. Greater amounts of scale and corrosion prcducts for
the development of a protective film were recorded for the treated
water. Therefore, it is expected that a longer test period would
be required to show the treatment advantages, particularly since
the test location was far removed from the point of trsatment
application. Also, the low corrosion rate shown for the untreated
water test for the first 30 day= of exposure confirms the fact that
residual inhibition was being provided from past treatment with
silicate, resulting in an untreated water test (run I) which was
lower than should have been expected. At site E, advantage was
shown with 5 ppm silica compared with 10 »pm at equivalent pH.

With hard water (117-179 ppm hardness) plus added chloride and
sulfate at sites Ay, B, (140°F) and at Ay, By (180°F), silicate
treated water provided a lower corroslion rate than caustic soda
treated water and formed a greater amount of apparently protective
scale. The hard water plus chloride and sulfate at sites Bl’ B2

10
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treated with polyphosphate and silicate provided a low corrosion
rate; hcwever, it is not considered practical to operate with this
condition of excessive scale formation.

In reviewing the results of these limited tests, 1t appears
that waters of lower chloride and sulfate content, as Cl’ 02, E,
were effectively treated with lower silica and caustic soda to pH
8.0; whereas, the waters of higher chloride and sulfate required
higher silica at an equivalent pH.

(2) Steel

As expected, steel was shown to be seriously corroded by
all waters studied at 140° and 180°F. It cannot be considered
as a suitable.material for the waters studied because of its
lack of corrosion resistance and the resulting "red weter"
problems.

Nc serious attempt has been made to correlate steel corrosion
rates with caustic soda-silicate treatment since the cegree of
corrosion inhibition provided by thls treatment was 1lnsufficient
to make the use of this material practical in the waters studied.

(3) Copper |
In analyzing these results, it was apparent that two different

types of corrosion were being encountered, eroslion-corrosion at the
high flows and dissolution of copper by the natural corrosive
factors (carbon dioxide at lcw pH, high chloride-sulfate, and the
lack of a film of calcium carbonate scale) at the lower flows.

In general, the erosion-corrosion at the high flow rates
(3.0-5.6 ft/sec) was observed to be more serious at 160°F than
at 140°F. Tests in which significant scale development occurred,
as hydroxyapatite at Bl’ B2 runs I, and as calcium carbonate at
Dl’
corrosion. At Bl’ B2, runs II and III, considerable evidence of
erosion-corrosion was observed because of the lack of formation of

D2 runs II and III, were most effective in reducing erosion-

a protective scale of calcium carbonate. The practice of applying
polyphosphate at the Chanute Water Plant caused the natural scale
forming tendency of this blended water to be inhibited. At Cl’ c
run III, chestnut tannin, caustic soda, and silicate treatment

2
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provided a thin continuous protective deposit whlch reduced
erosion-corrosion significantly. At site E, the caustic soda-
silicate was found to be ineffective, likely because the treated
water tests were conducted (Ref. 12) at somewhat higher temper-
atures and flows and also because of the lack of an adequate
calcium carbonate scale layer.

At the low flow rates (0.5 ft/sec), similar observations were
made, that 1s, tests providing significant scale development
produced lower corrosion rates. This was agaln 1llustrat<31 in the
case of Bl’ B2 run III compared with run II, in which a pH increase
provided by caustic soda treatment reduced the corrosion rate and
would likely have been even more effective 1if the polyphosphate
treatment employed at the institution had not inhibited the forma-
tion of the desired calclum carbonate scale. At site E, 10 ppm
silicate seemed to be more effectlve than 5 ppm silicate at an
equivalent pH; however, the higher temperature and flow rate may
have influenced this observation. Treated water having a higher
calcium carbonate saturation index would likely have heen more
effective in reducing the corrosion rates at either the low or
high flow rates.

(4) Crevice Corrosion Specimens
There was generally less crevice corrosion observed at 180°F
than at 140°F.

With exception of the Bl’ B2_run I tests in which excessive
scaling occurred, no advantage in caustic soda-silica*te treatment

was indicated at temperatures of 140° and 180°F at Ay, A,, By, and
82 sites. Also, at D

140° and 180°F.

1° D2, no treatment advantage was shown at

At Cy, C,. 10 ppm silicate treatment at pH 8.0 in treatment of
this blended hardness water provided a decrease in crevice
corrosion. At E, S ppm silicate treatment at pH 8.2 in treatment
of thls blended hardness water also provided a decrease 1n crevice

corrosion.

This difference in effectiveness of silicate-caustilc soda
treatment on crevice corrosion may be explalned by the high

12




chloride and sulfate contents of the waters generally employed

et Al,Az,Bl,B2,D1,D Chloride and sulfate content is knewr: to
increase crevice corrosion, so a higher concentration or the use

of more effective inhibitors would be required for its control.

(5) Galvanic Corrosion Specimens
There was somewhat less galvanle corrosion observed at 180°F
than at 140°F.

Reduced galvanic corrosicn resulted from caustic soda ftreat-
ment at Bl’ B2, from 10 ppm sllica plus caustic soda treatment
(to pH 8.0) of blended hardness water at C;5 C, and at D (140°F),
and from 5 ppm silica plus caustic soda treatment (to pH 8 2) of
blended hardness water at site E.

Caustic soda-silicate treatment was not effective at D2
(180°F), where possibly the high temperature and high salt content
may be too severe for the concentration of 1lnhibitcr employed or
the effectiveness of the treatment applied. Also at thls tempera-
ture, the reversal of the zinc-iron potentlal may occur and affect
the galvanic corro;ion process., Increased conductivity as

evidenced in the Dl’ D2 supply 1s known to increase galvanic

corrosion.

Minimal galvanic corroslion was observed at Bl run T (1UO°F)
in which high hardness and phosphate treatment caused excessive
scaling. At 180°F, however, galvanic corrosion was in evldence.

13




SECTION IV
CONCLUSION AND RECOMMENDATIONS

1. Conclusions (for waters of 200-400 ppm alkalinity)

s. For 140°F temperature systems, 4-6 ppm silica wlth pH
adjusted to about 8.0 is effective in reducing corrosion of water
of approximately 10-170 ppm hardness and chloride plus sulfate
content below 150 ppra. Higher silica (6-10 ppm) is required when
the chloride plus sulfate content 1s above this level.

b. Although a longer test perlod would have been desirable in
determining the (general, pitting, concentrated cell, and galvanic)
corrosion rate at 180°F, adequate inhibition is provided at the
treatment level of 10-20 ppm silica. Because of the tendency for
serious erosion-corrosion of copper to occur at this temperature,
galvanized steel may be preferred however adequate sllicate
treatment must be applied.

¢. The corrosion of steel is not effectively inhibited by
silicate at dosage levels up to 25 ppm.

d. The erosion-corrosion of copper is observed at flow rates
of 3 ft/sec or above, particularly at 180°F. A thick scale layer
of calcium carbonzte or a continuous protective film produced by
caustic soda-silicate-tannin treatment appears to be effective in
reducing this corrosion. At lower flow rates, a significant scale
layer 1s also most effective in réducing corrosion apparently
caused by carbon dioxide and the chloride and sulfate content of
untreated water.

2. Recommendations
a. That steel not be used in hot potable water systems with
sllicate dosage of 25 ppm or below.

b. That further research be conducted to include the
following:
(1) Determination of the silicate treatment variables
involved in treating low alkalinity (10-50 ppm) and low hardness
(10-50 ppm) waters (as on the East Coast).
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(2) Determination of the practicality of employing
silicate treatment of hard waters (250 ppm up) with pH adjustment
to the 6.5-7.5 range.

(3) Determination of the effectiveness of zinc salts
(Ref. 13) as a supplement to silicate.

(4) Determination of the corrosion resistance of
ASTM A-268 Grade L09 stainless steel.
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APPENDIX I
DESIGN OF CORROSICN TEST ASSEMBLIES

The corrosion test units were designed to provide three
different flow rates of 0.5, 2.0, and 5 ft/sec¢ in the institutional
systems at sites Bl,Bg,Cl,C2,Dl,D2, and E. The veloclitles were
controlled by installation of a circulating pump and 2djustment of
valves in the individual circuits.

These test units, shown in Figure 1, are labeled to show the
location of the ASTM testers contalning steel, galvanized steel,
and copper inserts, as well as galvanlc and crevice type test
inserts. The steel, gaivanized steel, and galvanic probes for
determining the corrosion rate hy linear polarization and the
2l-inch pipe specimen are also shown.

In designing the research unit, the central domestic hot
water systems in the Illinois State Institutions were studled so
that this smaller test assembly would provide approximately the
same corrosive conditions experienced in the state systems.
Information from these systems and for the rescarch unit is
summarized as follows.

Institutions Research unit
& ) (z)  design
System volume (gal.) 26,200 13,000 1,500 200

Surface area
of metal exposed
(£t2) 18,000 9,000 60 40

Ratio of surface
area to capacity

(ft2/gal.) 0.7 0.7 0.04 0.2
Time required

for system volume No

to circulate Circula-

(avg. hrs.) 2.9 2.1 tion 3.5

Time required
for replacement
with fresh make-up
(hrs.) 4,3 7.2 8.3 8.9

Number of times
system volume 1is
replaced daily 5.5 3.3 2.9 2.7
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These factors were considered of particular 1mportanc§ in the
design of the research unit because fresh water entering the
system contains dissolved oxygen and carbon dioxide, important
chemical constituents that are usually instrumental in determining
and sustaining the corrosicn reaction of fresh waters on metals.

The research unit (Figure 2) was designed to limit water
wastage because of the cost of water and heat. Flow rates of
1.3, 4.8 and 5.3 ft/sec were obtained by employing 3/8-, 1/2-,
and l-inch piping specimens. Galvanized storage tanks were
included to provide the desired ratlo of surface area to capacity.
In addition, softening, water treating and heating equipment, and
means for controlled wastage were provided.
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APPENDIX II
CORROSION TEST METHODS

Figures 3-56 show the corrosion rate results obtained by
the polarization resistance method with steel and galvanized
steel probes, by the galvanic method with steel and copper probes,
and by welght loss methods in all the corrosion tests conducted at
sites A~E. 1In examining these figures, 1t should be pointed out
that soft water refers to water hardness below 20 ppm, blended
water refers to woter which has been blended with hard water to
provide hardness of 55-120 ppm, hard water refers to waters of
140-285 ppm, and added chloride and sulfate refers to the addition
of approximately 100 ppm of chloride and sulfate.

The polarization resistance or linear polarlzation method
is described in ASTM D2776 and by the National Association of
Corrosion Engineers committee T-3D-1 (Ref. 14). Three similar
steel or galvanized steel electrodes are employed, and the corrosion
rate is measured by applying a change in potential (10 mv) between
the test and auxiliary test electrodes and measuring the corrosion
current between these electrodes while the third freely corroding
electrode is employed as the reference electrode. The current flow
is then reversed and again measured, and the average of the two
corrosion currents is the measured corrosion rate in the system.

The galvanic method conslists of two electrodes, one steel
and one copper, and includes a 200-ohm resistor in the circult.
The current flow between these two electrodes is considered only
as a measure of the relative corrosion rate.

The weight loss method 1s fully described in ASTM D2688
method C. Corrosion rates for steel obtained by this method are
included in Figures 3-29, those for copper in Figures 9-29, and
those for galvanized steel in Figures 30-56. To obtan the
corrosion rate of copper in MPY, multiply MDD results by 0.161.

In this weight loss procedure, four welghings ar~2 made in
the test and cleaning procedure; namely, the original weight,
the dry weight after removal from the ervironment, th2 weight
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after removal of loose scale, and the weight after removal of all
scale and corrosion products. Certain metals, such as galvanized
steel, hold tenaciously to the corrosion products (zinc carbonate),
which should possibly not be considered a corrosion loss

since this corrosion product may be mainly effective in stifling
the corrosion process. Accordingly this value (D) obtained from
welght including tight scale minus the original weight is
considered a more accurate evaluation of the corrosion rate of
galvanized steel than the conventional way of removing all
corrosion products. Another value (AB) obtained from dry weight
on removal minus final weight after cleaning 1s considered
significant because it measures the total scale and corrosion
products covering the metal surface. These values along with
corrosion rate (E), obtained from the original weight minus the
final weight, have important functions in the diagnosis of this
corrosion problem.

Originally it was thought that the results obtained by the
linear pola»ization mnethod would be the main ones employed in
reaching the final conclusion; however, wher the results from the
whole project were completed, it was seen that the welght loss
results were more indicative. Inhibition of corrosion is
frequently attained by voluminous scale and corrosion products,
often soft and thick. The probesg of the linear polarization method
protrude into the middle of the pipe where such deposits are easily
removed from the probes by erosion. This difference may be
illustrated by comparing the corrosion rates obtained at the
different flow rates by the welght loss and the polarization
methods. Reference to Figure 43, illustrating run II at site Cl’
will show that at 90 days weight loss results of galvanized steel
increase by 400% from low to high flow, while polarization results
increase by only 70%. Variations in flow at the pipe wall are more
important in determining the corrosion rate since it is here that
the corrosion process 1is occurring. 7The flow at the pipe wall is
Known to be virtually stagnant compared with the flow at the probe
and accordingly the difference in corrosion rate measurement
obtained by the two test methods should not be unexpected.
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APPENDIX IJI
TESTS ON GALVANIZED PIPING

The analysis and the determination of the uniformity of the
zine coating of 12- to 20-foot lengths of l-inch schedule 40
galvanized piping (ASTM A120) were conducted to determine their
suitability for use as corrosion specimens. 1In the first test
(specimens 1E-9E), U-inch lengths were taken from the ends (E) and
the middle (M) of 3- to 20-foot lengths; in the second test
(specimens 12-52), U-inch lengths were taken from the middle of the
remaining nine pipes.

Zinc Zinc
Specimen No. oz/ft2 mils Specimen No. oz/f't2 mils
1E 2.15 3.6 12 1.99 3.4
2M 2.07 3.5 17 2.07 3.5
3E 2.16 3.6 22 2.63 by
LE 2.14 3.6 27 2.52 4.3
5M 2.10 3.6 32 2.15 3.6
6E 1.40 2.4 37 2.22 3.5
7E 2.08 3.5 42 2.76 4.7 '
8M 2.2 4.1 47 2.02 3.4
9E 2.00 3.4 52 2.46 4,2

The test method described in the ASTM (A90) method indicated that
one 10-foot length represented by specimen 6E should te removed
frém the lot as belng nonrepresentative. The rest of the piping
met the ASTM Al20 specifications, which call for a minimum of

2 ounces of zinc per square foot, and was thereicre used for
preparing inserts for the ASTM D2688 method of test and for the
2i-inch length specimens.
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APPENDIX IV
CREVICE AND GALVANIC CORROSION TESTING

In initial crevice corrosion tests (runs I and II), the ends
of the short 1- and 2-inch galvanized inserts in the ASTM testers
vere left unpainted to assimilate threads. The degree of crevice
corrosion observed was minimal in these tests; therefore it was
concluded that this method of testing apparently did not provide
the measure of crevice corrosion desired.

In run III, 1/2-inch length steel inserts were installed
between the 1- and 2-inch length galvanized steel specimens.
By providing this large crevice area, 1t seems that a more
realistic value of crevice corrosion or a better evaluation of the
galvanic corrosion occurring between galvanized steel and steel is
provided. Since the zinc (or galvanizing) is largely removed in
the pipe threading operation, essentially a combinatioa of a
galvanic cell and crevice is provided in the threads. When this
larger steel area 1s employed, the zlnc area 1s probably near the
minimum required for providing cathodic protection for steel, and
thus a better test of galvanic or crevice corrosion is attained.
Therefore 1t is planned to continue this procedure in future runs.

Crevice corrosion rates obtained by weight loss are included
in Table 3 and in Figures 30-56. These tests were conducted at
the following velocities.

Site Velocity (ft/sec)
A1A, 1.3
B1sBsCq5C0,Dq 05 2.0
E 0.5

For galvanic corrosion testing, four short inserts of l-inch
lengths of copper and galvanized steel installed alternately have
been employed in the ASTM tester. Thils assembly of l-inch overall
length fits into the allotted 4-inch space in the plastic sleeve
of the ASTM tester. The ends of these short inserts were not
painted in order to allow electrical contact in runs I; however,
to assure electrical contact, two of the four inserts were
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connected with copper strips in runs II and III. In general, this

change did not affect the corrosion rates apprecilably.

Galvaniec corrosion rates obtained by welght loss are included
in Table 3 and in Figures 36-56.
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APPENDIX V
SCREENING CORROSION TESTS

A standard type (Refs. 4,6,8) of corrosion testing apparatus
for total-immersion tests, which includes continuous aeration,
velocity and pH control was employed in which steel specimens
were exposed to a synthetic water of the following composition
(similar to Dwight water, Dy D2):

ppm ppm pH

Caleium (Ca) 16 Alkalinity (CaCO3) 275 8.2
Magnesium (Mg) 9 Chloride (C1) 360
Sulfate (S0y) 249

Test I

The purpose of this test was to determine whether the
concentration, pH, and method of preparation of silicate solutions
would affect the corrosion inhibition of steel by silicate.

The solutions tested were:

Jar 1. 12 ppm silica (Si0.) added as 5% solution
of N brand sodium silicate.

Jar 2. 12 ppm silica (810,) added as 0.5% solution
of N brand sodiumt silicate.

Jar 3. 12 ppm silica (Si0,) added as 5% solution
of N brand sodiu% sllicate, neutralized

~

with sulfuric acid, aged 2 hours, added
as 0.5% solution.

Jar 4. 12 ppm silica (Si0,) added as 5% solution
of N brand sodiu% sillicate, neutralized
with sulfuric acid, aged 2 hours, added
as 2.5% solution.

Jar 5. 12 ppm silica (S10,) added as 5% solution
of N brand sodiuﬁ silicate, passed through
a hydrogen exchanger, aged 2 hours, added
as 5% solution.

Jar 6. No treatment

Silica concentration was kept within 10% of specified 12 ppm
level. Supplemental treatment was required approximately every
10 days. The tests were conducted for 25 days and no appieclable
difference in corrosion rate (range of 63-77 MDD by weight loss)
was observed between the five differently prepared silicate
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solutions. Linear polarization tests gave results approximately
10% higher than weight loss results. The corrosion rate without
treatment was 123 MDD (by weight loss), which indicated that the
silicate treatment inhibited corrosion in all cases.

Test II

Test I was repeated with the treatment lincreased to 32 ppm
silica in jars 1-5. This test was conducted for 24 days, but no
appreciable difference in corrosion inhibition was observed between
the sllicate solutlons. The corrosion rate was at the same level
as in test I. Silica concentration was kept within 1C% of
specified 32 ppm level. Supplemental treatment was required about
every 10 days.

Test IIX

The purpose of this test was to determine whether zinc
sulfamate (Ref. 7) increased the inhibition provided bty silicate
treatment.

The results of the test were as follows:

Corroslion rate (MDD)
Linear polarization Weight loss

Time in days

pH 43 76 112 136
Jar 1. Steel, no treatment 7.5 80 85 50 4s
Jar 2. Steel, 10 ppm $10,, 8.2 50 23 18.8 30
Jar 3. Steel, 10 ppm Si02,
3 ppm zinc
sulfamate (as Zn) g.2 15 16 18.0 17
Jar 4. Galv. steel, no
treatment 7.5 3 2 7.1 7.5
Jar 5. Galv. steel,
' 10 ppm SiO2 8.2 20 4 5.2 11
Jar 6. Galv. steel, 10 ppm
5105, 3 ppm zinc )
sulfamate (as Zn) 8.2 3 it 7.4 5.6

This test indicated that the silicate inhibition of the
corrosion of steel was lncreased initially by the addition of zinc
sulfamate but on longer exposure no advantage was shown. Silica
concentration was kept within 10% of specified 10 ppm level. Zinc
precipitated rather rapidly requilring supplemental addition of zinc
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sulfate every 2 to 3 days to raise the zinc content from 0.5-1.0
ppm to the speciflied 3 ppm level. Supplemental addition of silica

was required every 10 days.

This method of testing seems to be unsatisfactory for
evaluating the small differences in the corrosion of galvanized
steel observed with differen’ treatments. In thls procedure, the
water 1s changed only every two weeks and, as a result, the
accumulation of corrosion products may limit the corrosion rate.
Apparently the corrosion of galvanlzed steel should be investigated
under continuous flowing conditions, as in a piping distribution

system.
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APPENDIX VI
TYPICAL SODIUM SILICATE WATER TREATING SYSTEM

An institutional water supply that is corrosive at both
cold and hot water temperatures can best be treated as the water
is pumped from the well system or as the water enters the institu-
tion through a water meter from the city water supply. If only the
hot water requires treatment and a central domestic hot water
heating system is located in the power plant, proportional treat-
ment can be appllied there. If the institution has nunerous
domestic hot water systems 1n separate buildings, it will likely
prove best to treat the entire supply regardless of the treatment
requirements of the cold water.

If the hardness of the supply exceeds 150 ppm, sodium zeolite
softeners should be installed to soften the water to the 60-90 ppm
level by completely softening the desired percentage of water and
blending sufficient hard water to provide 60-90 ppm hardness in the
effluent. In waters of appreciable chloride and sulfate content
>150-300 ppm, application of liquid sodium silicate (41O Baume,
28.8¢% S10,, 9.2% Nago, alkali-silica ratio 1:3.22) at 6-10 ppm
silica (8102) plus caustic soda to provide pH of about 8.2 is
recommended.

An institution using 500,000 gallons of water per day and
having a well supplying 500 gpm would require treatment equipment
as follows:

1 Electrical connection from well pump magnetic starter to
chemical pump magnetic starter to initiate chemical pump
operatlion whenever well pump operates

1 Chemical pump starter

1 Chemical pump of following specifications: Constant
adjustable volume diaphragm pump of corrosion resistant
construction to handle chemicals specified, maximum pressure
100 psi, specified capacity of 0-3.0 gph. It should include
electric motor and plastic tubing for introduction of
chemical solution from vat to discharge point in water line.

1 Chemical tank and mixer of the following specifications:
200 gallon tank of polyethylene construction or approved
equivalent. An electric mixer which must be sturdily
mounted, have a separate electrical switch, and be of proper

26

——-

et




corrosion resistant properties to handle chemicals
specified.

If metered city water rather than institutional well water is
to be treated, then an electricontact water meter and timer will
be necessary to provide proporticnal chemical feed to the water
line. Based on a maximum flow of 500 gpm, a 6-inch meter with
electricontact likely will be required; however, engineering
interpretation may be required on the type and slze of water meter
to obtain since the accuracy of the meter under low and average
flows must be given consideration. 1In addition to the equipment
specifled previously, the following will be required:

1 6-inch electricontact water meter with electricontact every
1000 gallons

1 Timer, electric, adjustable, 0-15 minute, for initiating
chemical pump operation for set number of minutes each
time it 1is actuated by the water meter, for turning off
chemical pump and re-setting in order that the chemical
pump operation will be actuated the next time that water
meter contact 1s made.

In placing these systems in operation, 20 gallons of the
liquid sodium silicate and 100 pounds caustic soda weculd be
dissolved and well mixed in the water (softened, preferably) in
the 200 gallon tank. Dosage would be based on the application of
20 gallons of liquid sodium silicate and 50 pounds of caustic soda
per 1,000,000 gallons of water or sufficient to apply 8 ppm silica
(8102) and to provide a significant pH increase. The quantity of
caustic soda required will depend on the alkalinity and pH of the
water being treated. The chemical pump would be set at 2 gph if
the water meter and timer were not required and would be set at
2.7 gph if the meter and timer were required. In this case the
timer would be set at 13 minutes to allow 30% of the time interval

between meter contacts at 500 gpm fiow for re-setting.
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Figure 2. Diagrams of Research Corrosion Apparatus

29




- F e -

”°Jrl|l|!|||llT

500
LINEAR POLARIZATION METHOD

240 STEEL =
MPY = (0.183) MDD

220

200

180

160 p—

140 —

120 p—

CORRUSION RATE {(MDD)

100 p—

80 b—

60 |—

40 p—

20 p— —

S IS I N S N (N N A T

0 10 20 30 40 50 60 70 80 90 100 110 120 130

DAYS
STEEL
CORROSICN BY WEIGHT LOSS
VELOCTTY (ASTM, D 2688-C)
DIAMETER MOD
29 dayq 90 days | 1i9days)
1" dia
1.3 ft/seq 68 64 50
l," dia
4.8 ft/secl]l 158 55 55
AVERAGE ANALYSIS Cppm)
~ 3
Slg 3
g Jef Slelsf |=
=3 ~l~lml=ie T IR 2
- L] ~ ~ — (=] (%) 3 E = [ t
~3|=iClelT e lB|TITIEIR L
L' — 3 5 ” - -— L L3 Aod 2 g ~
> NlE|l R[22 |28l 12 by
gl IS |EI8 51218182583
2HEAE I HHEERE
18 s lal2|2lE|a]S{3I=sj<ia |SfR s
o-51.02}.600.000.9] 4 je.y (a2 ne p.8 bOS BOO V. 7.8 143

Figure 3. Corrnsion of Steel, Site A} Run I, Soft
Water Plus Added Chloride and Sulfate




CORROSION KATE (MDD)

00—
bt T
1801~ LINEAR POLARIZATION METHOD ]
—_ STEEL —
%0 MPY = (0.183) MDD
140 —
120 ~——
!w e
80 —
60 —
40 —
20 —
) L I N N N T U N R e
0 10 220 30 4 S0 60 70 80 90 100 1 120 130
DAYS
STEEL
CORROSION BY WEIGHT LOSS
veLociT (AST¥, D 2688-C)
BIAMETER MoD
28 dayd 93 days {121 days
1" dia
1.3 ft/sed] 150 88 4
1 dla
g 1 _—
le.s ressed '® | 73
AVERAGE ANALYSIS (ppm) !
T ey t
|| (SiEg 3 |
i ‘ P19 MR EEE ™
t iy u. -—— . <@ ”— m;: 2# :-f
i l I 2‘ " : o~ o é’ :—\318 tox |
RS R N RN - R R LN T
A’anxiv g & Wi ~ & v l—: =]
¥ - o3 ale wlele T ¢ g s
S R AR R - N R D R - -T2 N
Y Tigigig iy st e [
gs§’~gi:’q\ E’;’;::g'b 1';;35_1:7
S8 Nisigiif alSi2islcis Isdisly
0.1 .63 5011.000.7; 310.7:23 {131[111]0.6]357 67 |2.7 ¥ .0[143
Figure 4. Corrosion of Steel, Site A3 Run II, Soft Water

Flus Added Chloride, Sulfate, and 11 ppm Silica, pH 4.0

11




o T T T T 1T T 1T T T T 171
180 — LINEAR POLARIZATION METHOD ]
60— MPY -Szgf'iss) MOD ]
= 10— ]
£
g 120 }— ]
g 100— ]
[%4]
£ a0l
Z 80 . ]
60— ]
40— ]
20— ]
' IS DR N WO A A NN A N N N
0 10 20 30 40 50 6 70 80 90 100 110 120 130

DAYS
STEEL
CORROSION BY WEIGHT LOSS
VE‘-RCM‘," (ASTM, D 2688-C)
DIAMETER Moo
28 dayg 74 days| 102 days|
1" dia
1.3 ft/seq} 184 101 68
Yy dia
4.8 ft/secf] 118 63 39
AVERAGE ANALYSIS (ppm)
| ~ | =
o~ e ] Q
™Ml 2 L
o 0-'8 L)
w lo (&) w [ 4 -~
L © @ [V
212w l~j~]3l~l%|= | R *
Land g v < &N ] - 8 [ 8 »
—_ -] - 3 ~— N ~— z b ‘_-‘
T IMEIE RS I H B I R
[ 8. vlolc]o]| & |+~ ojalniae “ 3 g
i8Il ISISIZE 21121212 12iz18
=l iRiSiZiI2IE&E jwnis Alz|<ja |ofainr
0.2 .01]_.20 28 b2 iz]o.sj l09t)4 Q.0{338{703 }1.748.1}1 137

Figure 5. Corrosion of Steel, Site Ay Run III, Blended Hardnes:
Plus Added Chlcride, Sulfate, and 11 ppm Silica, pH 8.1

32




T

|

|

—

LINEAR POLARIZATION METHOD

SiEEL
MPY = (0.183) HDD

130

100 110 20

90

20 30 40 50 60 70

10

r t————
"—/

L1 | ettt T | |

2 £ § 88 8 8 8 8 8 8 8 8 °
(0GW) 31VY¥ NO1SOYY¥0)

DAYS

{1a) damoandiag

Hd

[ [
w >
o © o o
e h-1 RN |-
—
[ S o
- —
[CX-- -
e
w o w
e >
] =] 3 o ey
e >00 © N ™~
voem 3T —
wn -
L o
Qb= o
-} il
g2 | 3
=
o v lon
o A vy [~
o -
o
~ o
L1 v
> = o wnia @
- W P
— = v e
2w ~ el
QT =z w..f
a K —e
ad — -
=~ a -l <

AVERAGE ANALYSIS (pom)

udbAxg paajossig

SPL1OS PIALOSSLQ

(€02ed se) Atuyienty

(Fon) areny

(Pus) areyding

(12) apraory)

(%015) e

¢ Fod
tero}

se) dyvyduoyy

(€003 se) ssoupary

{611) unisaubey

{vd) wnedyey

(uz) duyz

(n3) wddo)

b —— e ———— e

(24) uoay

0.6].021.6311.0 0.8] 5.3 {13 | 116] 106|0.7| 306{755 J0.0]p.7]174

Corrosion of Steel, Site A2 Run I, Soft
er Plus Added Chloride and Sulfate

Wat

Figure 6.

33



280
ottt T T T
260 p— —
/ L INEAR POLARIZATION METHOD
280— STEEL —
MPY = (0.183) MDD
220 b~ —
200 p— —
180 f— e
g
Z 160 —
w
2 40— —_
8
vy
g 120~ —
(-4
=1
()
100'—'- —
80— —
60— —
40 f—~— —
20 p— —]
) AN N (N DO NN TS A N I N N :
0 10 20 30 40 50 60 70 80 90 100 110 .20 130
DAYS
i STEEL
- | CORROSION BY %CIGHT LOSS
V‘~2:‘TV i (ASTM, D 2688-C)
DIAYETIR |
28 days 93 days 121 dayy
1 dia
1.3 ft/sedl 156 ! 93 63
T d1a 1
4.8 ft/sec] 120 ;66 43
AVERAGE ANALYSIS (ppm)
HE —
: ! sk g
Y ] : 8 02 13 [ = Lond
' BRI PN PR -3 P PR E- -3 B b
[~ = [El2i22ic|glein]8 |8 o
gz !T’ rs = ,‘—- 3\' g ~ ; 3 g E g > ";
S smlelsigis st |2lal=le s %
shzlgizisiRlig =2 2lE|2|s 8]
S8 cfsiglzlIEslsidls]=g i |a)E ]2
0.4,.02.3410.7]0.6] 4 [0.7 |31 115 [lo2'p.7 Beo [e72[1.43.316e
Figure 7. Corrosion of Steel, Site A2 Run II, Soft Water

Plus Added Chloride, Sulfate, and 20 ppm Sil’ca, pH 8.3

34



CORROSION RATE (MCD)

35

220
vttt rr T
200 }—
LINEAR POLAKR|ZATION METHOD ]
180 p— STEEL
MPY = (0.183) MDD
160 p—
140 }—
120 f—
100 F—
80 |—
60 j—
40 |—
20—
0 I | L 1 1
0 30 50 60 70 80 90 100
DAYS
STzsL
CORROSION BY WEIGHT LOSS
VELOCITY (ASTH, D 25683-C)
AND w00
DIAYETER o
28 days 74 days|102 days
1" dia
1.3 ft/seq| 28 100 15
17 dia
4.8 ftjsec) 0 55 7
AVERAGE ANALYSIS (ppm)
| . 3 }
~ e o
| olEs g1,
o |oa Q w c -—
i "\8’_ ——— W:E g\ é"
. [«2] v e e~ T |~ © | o~ > ~—
—_ i8NGS~ 38 ‘<§ o
S R A - I el el A - B I e £
CiTISe 2 giE(TI8 el L s =
"a"!.ES‘é’éS'ZE]::'siB 5
c i vivtigcto|lwvw - olal« | w oo [=8
S8 Sl |58 12 =13 2l= |22 5
:L)‘NL.)ZIQ.V)'U«I)ZttQ]c D
0.2 .07 .50 | 24 | 13 17 | 0.6,57 1112]94 }0.0/349|715 |0.8
Figure 8. Corrosion of Steel, Site A2 Run III

Hardness Plus Added Chloride, Sulfate,
25 ppmn Silica, and 2 ppm Tannin, pH




I - -
H
580
T 1t T 1T 1T 17 T T T 7
560 ’ —
LINEAR POLAR!ZATION METHOD VELOCITY
o 0.5 ft/sec
420 STEEL A 2.0 ft/se -
MPY = (0.183) MDD : ¢
| 400 & e 5.2 ft/sec |
& CALVANIC PROBE
. 0.5 ft/sec
20X —_
200 4 —]
]80-. prow—
g 160 H —
£
us
-
3 WJF _1
z
o
@ 120 _.4
o
e !
x (
“ 100 —
80 —
60 —
40 -
20
i Y | ai-A ﬁ
b’ 98 POV U b RLETEY VYW - -
0 R I M o st AN A o Lot w3
0 10 20 30 40 5 60 70 80 90 100 110 170 130
DAYS
STEEL COPPER
CORROSION BY WEIGHT LOSS CORROSION BY WEIGHT LOSS
VELOCITY (ASTM,MgDZGBB-C) VELOCITY (ASTH‘MgDZGGB_C)
ft/sec ft/sec
29 days|91 days 120 days 29 days| 91 days|1:0days
0.5 15 36 28 0.5 3.5 2.3 2.3
2.0 103 48 40 2.0 4.7 2.8 3.9
5.2 83 30 3] 5.2 5.4 4.9 | 5.2
AVERAGE ANALYSIS (ppm)
— =
P [=3
M| « (%]
S ek Sluwle —_
o |- © £ (YO
_— (&] — v - o o .
o w e~ |~ <t |~ ” — 5 ~
—_ SIEISIS|SICIR|ISIT & |8 o )
~I3l~1L ~ Sl IE(2 5
[ e (3 g " 812 | - T E L=
| ~ E ol w ~ hed -« Q < > > ~
|t i~ |l ]lo | |[wm]~]|o e = |~ - Iy
[T - [} [ =4 [~ 3 (] 1 9 = ~ - Q (=] Yt
sjialgll{alr § (22512148 {a g;
SR (fi2|E(w|S|Rlz|< |5 |afj& 2,
1.6].02].45168 |26 [285]5.1 [ 251102105 J4.0{348 | 626 .07 glisz,
Figure 9. Corrosion of Steel and Copper, Site B7 Run I, Hard

Water Plus Added Chloride, Sulfate,
18 ppm Silica, and 5 ppm Polyphosphate

36




CORROSION RATE (MDD)

JE—

200
F 1T 1111 © 1 1t 1 1
180 LINEAR POLARIZATION METHOD VELOCITY —
| STEEL o 0.5 ft/sec
160 MPY = (0.183) MDD A 2.0 ft/sec ]
e 5.6 ft/sec
i o GALVANIC PROBE ]
0.5 ft/sec
120}— —
100}— —
80 f— —
60— —
40 b e ey
4

DAYS
STEEL COPPER .
CORROSION BY WEIGHT LOSS CORROSION BY WEIGHT iCSS
VELOCITY “‘57":"302588'0) VELOCITY (ASTM.Mgnzsss-c)
ft/sec ft/sec
27 days|92 days | 119days 27 days| 92 days|119days
0.5 49 23 14 0.5 7.4 9.6 8.2
2.0 95 —_ 34 2.0 15 19 17
5.6 | ®& 36 29 5.6 21 26 22
AVERAGE ANALYSIS (ppm)
- e
Pl o
SlEg 2 ‘
L |Oo [&3 “© [ —
L3 hel @ L.
E‘ Clalajem]i@|l~]d =2 | R <
~ S IEIL2|SICIR|IS|ITI148 [ v
2 (&) Lo - — — z P [
<lCiTImISlnl|S |12 el |~(=18 17 ]
ot DI IR a2 RS E|2 2 o
: ot g 2 [- [¥] t “~ B8 | [} (=] @
< Q Y] L © Dad b (=] Q | ~ [ w [=%
elelslxls|5121Zi=l3121212 |88
SlSIN s |2|Zla x|SR |z|l< |6 |&8]a]m~
3] .03 .2X26 123097 j0.2106 ] 4 1 1 14.51344]397 ]4.4]7.7]140

Figure 10. Corrosion of Steel and Copper,
Site B; Fun iI, Hard Water

37




it I N T U N D B D B B

180
r‘_ LINEAR POLARIZATION METHOD

160 p— STEEL
MPY = (0.183) MDD VELOCITY ]
= 149 — o 0.5 ft/sec —
g A 2.0 ft/sec
w 120 e ® 5.6 ft/se. —
& A GALVANIC PROBE
Z 100 b— 0.5 ft/sec —
7
8 l
& .
S 80— —
60— —
40 -
20 —
0
0 10 20 30 40 50 60 70 80 90 100 110 120 130
DAYS
STEEL COPPER ‘
CORROSION BY WEIGHT LOSS CORROSION BY WEIGHT LOSS
ft/sec ft/sec . MDD
28 days| 94 days 122 days 28 days' S94days|122days
0.5 78 /8 €0 0.5 8.2 7.8 6.5
2.0 195 77 55 2.0 16 37 26
5.6 130 4 42 5.6 22 47 42
AVERAGE ANALYSIS (ppm)
—~ &
| — 1 S
™M i < (85
[ ] o .
i , o loa [} wn r;.‘ { :
|~ 8 a — 7 E ot °
Cn w —— o~ < | ~ ] — S ~—
— = v ] Ny o < ) | S [e] >
= ST D B Rt P2 DA NG v e bt
~ 13 1~12 1= v o KA i S )
Q ~— [~ 3 wn - ~— QU P = @ o 2
. | ZiEg il 2iel¥le 2 |2 g
VT 2 I @ g 'g. 8 [ g oo — [} 4] %
[y (= V] (8] c - Wi — Q [=% 1 9 2] w (%} =
S laig |~ len ! £ 1 o —hslT el le jolisi §
1815181 2i2lg 6 |&§i1&d|z)1=j& (& a1l
0.5 103 [17 {33 [18 |40/ 1.4] 14]96 |85 [3.4(367 660 :5.708.0:141

Figure 11. Corrosion of Steel and Copper, Site 3y Run III, Hard
Water Plus Added Chloride, Sulfate, and Causti:z Soda, pH §.0

38

st




CORROSION RATE (MDD}

Tirure

gg LINEAR POLARIZATION METHOD
STEEL
MPY = (0.183) MDD
VELOCITY
0 0.5 ft/sec
a 2.0 ft/sec =
® 4.7 ft/sec
160 H a GALVANIC PROBE ]
0.5 ft/sec
140 A
120+
100 p~
80 p—
W™
)
sof \
.
&
40—
e @, ]
\ / ® °
- e
= “na — P s ]
L et TS e |
0 10 20 30 4 S0 60 70 80 90 100 G 120 120
DAYS
STLEL | n COPPER .
! coua?s:Ox By KEXGHT)LOSS? ! coaa?szox 8Y WEISHT LOSS
rine oty | ASTH, D 2688-C ' cloerry N ASTM, D 2643-C
VELOUITY | o0 | VELOC:TY | o )
ft/sec :f — : ft/sec I
| 29 Jays},’\)l days 1120 days! . 29 days| 91days 120 days
: T — . .
0.5 76 | 0.5 i 1.8 0.9 , 0.3
IR 63 | 53 | 2.0 L 1.3 1.7 | 18
R v T
, 125 2 | 40 &7 2.0 2.2 2.3
AVERAGE ANALYS(S (ppm) 3
P !
als e g
« ug -
2 o o w s :
=iISr <132 18] (&
= SiTixi-ieig(lig] L
: 3 ? ~ ! w 3 : » - ~ :: 8 g .
:-;25:“%.3“35:.’ v
I L HE R AL
I I N AN I ER R B L
1.2].02] 38§ eaf 26]26efr. s |3 108 roafe 2f3an fe2o [20 ] .21s-
12. Corrosion of Steel and Copper, Site E; Run I, Hard

Water Plus Added Chloride, Julfate,
13 pom Silica, and 6 ppm Polyphospha‘e

35




CORROSION RATE (MDD)

00
2 117 17 17 1 1t 1 ° 1 1 |
1801— N METHOD =
L INEAR POLARIZATIO E VELOCITY
STEEL —
160 — MPY = (0.183) MDD o 0.5 ft/sec
a 2.0 ft/sec
140 p— ® 4.0 ft/sec —
a GALVANIC PROBE
0.5 ft/sec
120— ]
100 — —
80— —
60 p— _—
a0|— —
= . =L L. i
010 20 30 40 50 60 70 80 90 100 110 120 130

DAYS
STEEL COPFER
CORROSION BY WEIGHT LOSS CORROSION BY WEIGHT LOSS
VELOCITY (ASTM, D 2688-C) VELOCITY (ASTM, © 2688-C)
ft/sec MDD ft/sec MOC
27 days| 92 days IHQ days 2] days|92 cays19 days
0.5 28 13 8.3 0.5 6.0 8.3 9.1
2.0 62 13 22 2.0 25 3< 28
4.0 90 29 19 4.0 30 45 42
AVERAGE ANALYSIS (ppm)
| - Pl
— |- ! =) ‘
Slest | 3 ,
(] Qa (8] wv [y —
LI g © @ [V
— (8] — v - (=] 3
[« v} — | e~ <t |~ o —_ > ~—
~ |RmIElg|=2 &g S8 |3 o
~ 13~ 12 ] e | ~ v a7 ITIE12 0 | 5
[ 3| wviw |~ g - LY < -
L IS EC I SIR a8 EE 2 g
] - ( U= a ol e e~ [ o e
< (=N () (&) [ o wh N Q a } 9 1] w ) [=8
o (S A o e Q (M = |r— |+ | X n n =
- O |- o ) - B~ R F= 3 e o= - P <O
| mloiN 1o lE | X [ra._'«.n O N Z | < o e e
[0.3 .031.30 27| 25 17011.4 115 4 1 14.4 342 393 3.dL?.7178

Figure 13. Corrosion of Steel and Coprer
Site Bp Run II, Hard Water

4o

]




R - -y

w1 17 17 17 1T 1 1 1 1 11
180 — —
L INEAR POLAR1IZATION METHOD
TEEL VELOCITY
60— MPY 'S(0.183) MDD o 0.5 ft/sec
A 2.0 ft/sec
— 10— o 4.7 ft/sec
g a GALVANIC PROBE
Z 120}— 0.5 ft/sec —
5
> 100f— |
o
2
& g0}— ]
[=}
(%)
60 — —

0 10 20 30 40 50 60 70 80 90 100 110 120 130

DAYS
STEEL COPPER
CORROSION BY WEIGHT LOSS CORRQSION BY WEIGHT LOSS
VELOCITY (AsTH, 0 2688-C) VELOCITY (ASTH, D 2688-C)
ft/sec ft/sec il
28 days|94 days | 122days 28 days| 94 daysi 122days
0.5 94 156 77 0.5 n 6.7 7.1
2.0 209 12 69 2.0 30 40 35
4,7 233 80 56 4.7 34 6) 56
( AVERAGE ANALYSIS (ppm)
| ~ >
! S S
(=230 P ] [
O (0o W v = —
~{8 T —_ w |2 §; o
.qb v —— —— -r -~ '] — S
- SIEISIE ST IS8 (S o
-3l Tl BITITIES bls
v 121 SlulS[2ielo =18 |9} 3
. ‘ PN z |- Iy s T | - L7 = S~ > o
= s 2 {8 EIE ST (8w is |5 |5l b
e ' ARjvululEloiw|rm]olain|wlea |any a
els s miglIsl2izlzis |22l 2 12158
flSiRlelgi2leE s|S|als|l=]5|8]F |8
0 4[.041.16[ ZSJ 18114511.4 !15 95 |81 |3.3]367]655 |2.8]2.179

Figure 14. Corrosion of Steel and Copper, Site B> Run III, Hard
Wa:er Plus Added Chloride, Sulfate, and Caustic 3oda, pH 8.0

b1



CORROSION RATE (MDD)

200

180

160

140

120

100

b

STEEL
MPY = (0.183) MDD

Fr

LINEAR POLARIZATION METHOD

VELOCITY
0.5 ft/sec
2.0 ft/sec
5.0 ft/sec

GALVANIC PROBE
0.5 ft/sec

» o > o

STEEL COPPER
CORROSION RY WEIGHT LOSS CORROSION BY WEIGHT LOSS
VELOCITY (ASTH, D 2638-C) VELOCITY (ASTH, 0 2688-C)
ft/sec — ft/sec e
33 daysi86 days | 119days 33 days| 8€days|119days
0.5 I 95 70 74 0.5 6.1 | 9.9 8.6
2.0 170 57 49 2.0 B.4 | 14 N
5.0 99 58 3 5.0 8.2 | 2 28
M )
[ AVERAGE ANALYSIS (ppm) |
| ) -, : :
‘ a5 e S |
l 8 ‘500. 3 w [ =t —
| —~ 8 - — %] E g\: ";-
| ,.ig’ wl s IR=| TS I3 | 2 ~
13 gl g |e gl x2S (¢
l i i A R Tf |.§ bl Sl le |~ E; T | 3
oA | bl 3 [ @ 4 2 ~ = ‘n; A = = Pt
PEE A E AL AR AN A AR RS AR NE g
e leflzig 121812 -l 15 |2 212 |20z 8
CE LSRG IZEIRIE IS |SIZIE|< |8 I8 B = I
10.3}.18].25}3.5 1.3{16 [0.0 7 19] 51(8.1{247 | 403 {2.C}7.6| 133}

?igure 15. Corrosion of Steel and Copper,
Site C; Run I, Soft Water

L2

160



CORROSION RATE (MOD)

6 I I A R D D N A I B

180" | |NEAR POLARIZATION METHOD

STEEL VELOCITY

160 — MPY = (0.183) MDD ]
© 0.5 ft/sec

140 p— A 2.0 ft/sec —
: ® 4.9 ft/sec

120 b 4 GALVANIC PROBE —

0.5 ft/sec

100}— : ]

80 }— ]

60 |— -]

40— —
20— —
oL I I |
0 16 20 30 40 50 60 70 80 90 100 11) 120 130
DAYS
STEEL COPFER
CORROSION BY WSIGHT LOSS CORROSION BY WEIGHT LOSS
VELOCITY (ASTH, D 2683-C) VELOCITY (AsTH, 0 2588-C)
ft/sec . ft/sec 2
28 days; 62 days {90 days 28 days| 62 days| 90days
0.5 90 50 | 53 0.5 1 93 | 6.6 | g
2.0 | 146 89 51 20§ N 12 13
4.9 || 95 a7 | 35 4.9 |16 15 17
I AVERAGE ANALYSIS (ppm) ﬁ !
] ] 1 { 7 - i
i | ’ A‘_A o
| ] Mo < (=] l
| ‘ 8 °& 3 ” c ! ’—-
' ! S —— [%] :S S :h
l i~ 1Zl. 2 |=lz(Zin|215 |5 |*
Az iElsigiElgig| g e g
PRI AR R R D LR EA R B
i |Sisl7 181222852 |2 1%
gizielo|e|slg|218|B2|5)|2|2 (2 &
srslalaslglzlslszlsl3|sl=zla (al518
[0.0].1a].0a]12 | 7 [62 [0.0] 1321 |aa [3.9]275 W13 1.4]p.0[143

Pigure 16. Corrosion of Steel and Copper, Site Cj Run II,
Blended Hardness, Added 10 ppm Silica, pH 8.0

b3



— e Ranai

o T 1 1 1 1 1T 1T 1 1 1 T 1

180— | |NEAR POLARIZATION METHOD —

STEEL

160— MPY = (0.183) MDD VELOCITY ]
o 0.5 ft/sec

140/— A 2.0 ft/sec ]
® 4.8 ft/sec

- GALVANIC PROBE ]

i 4 0.5 ft/sec
100 jomemm n

80 e —

CORROSION RATE (MDD)

||

0
0 10 20 30 40 50 60 70 8 90 100 11¢ 120 130
DAYS

STEEL | COPPER
CORROSION BY WEIGHT LOSS CORROSION BY YEIGHT LOSS
VELOCITY (ASTM, D 2688-C) VELOCITY (ASTM, D 2688-C)
ft/sec MDD ft/sec MOD
27 days|71 days | 98 days 27 days| 71dzys| 98 days
0.5 46 4 33 0.5 5.1 | 6.9 | 6.7
2.0 72 60 37 2.0 9.5 | 13 N
4.8 || 115 38 45 4.8 1 17 13
i
AVERAGE ANLLYSIS (ppm) !
. i .
—~ T“, !
o~ o
o5 g f
g e Slelsi |z
:03 © (%] — o~ ? — g :: g‘ :.;
— — :g:’ w 3 O § - (=] ) | [=] »x )
AR RN I A TS B S I -
? 3 [~ T i S w 3 — & (1) = [ad B .s 3
L. . ~N g |- v < E > -4 .s z : g
1|12 01212l icl@2|m|=]% |9 5
[ (=% [} o [=4 o v Lad [=] [-9 - ] w o a.
SlsiE|=zI2Is518 =1z |5 (=2|1Z212 |£i=z]&
’: 8 ~ 3 g 2 (- [72] (&) (V23 =z << [=~] Qo a -
[0.1].15i.08]2.5]1.2] 10]0.0 [11] 21} 42| 1.q2e6 |444 |0.6]8.1]{144

Figure 17. Corrosion of Steel and Copper, Site C; Run III, Soft
Water, Added 6 ppm Silica, and 3.5 ppm Tannin, pH 8.1

by



CORROSION RATE (MDD)

P—

W] T T T T T T T T T 17

200 —

‘ ———
\ LINEAR POLARIZATION METHOD
! e VELOCITY
180 4 MPY = (0.183) MDD o (.5 ft/sec —
! A 2.0 ft/sec
160 p— '| e 5.6 ft/sec —
] A OALVANIC PROBE
ok ! 0.5 ft/sec ]
\
\
12— 1 —
1
\
00—
\
]

0 10 20 140
STEEL COoPPER
CORROSION BY WEIGHT LOSS ZORROSION BY WSIGHT LOSS
p s
VELOCITY (AS'M'M802688'C) VELOCITY (Asm,Mo 2588-C)
ft/sec ft/sec 0D
28 days| 91days | 119days 28 days| 91 days|119days
0.5 109 58 51 0.5 4.9 8.0 7.1
2.0 106 61 40 2.0 6:3 9.9 8.6
5.6 114 50 36 5.6 8.7 n 11
AVERAGE ANALYSIS (ppm)
! - I =1
o~ | (=3
™M |o < (&)
O O L]
(8] [« -9 (5] wy « —
o (- © -4 .
— () -— w - o a3
on w - — T |~ < — > e
_— = w ~ N | - (=) ) |~ bl >
— < —~ -] e k=] (8] 2] (=g W o 0]
a | |~ |- |~ | = > bt
o & 7 € w 3 s @ @ ~r B B 3
ot ~Nle -l w | oe vl le!le > > ©
~— - ~— o w (.1} =4 L) - ] - | e Lo -— [
Y] - (-7} [~ (=Y (%] | £ o — © o [}
[~ Cu [¥) (V) < h+] v - [~] Q [ ~ w w [
cjlalcim i)l g et |~ & xiw wuwl |8
Lleinisigl2lEinlsSid|=z|s & [afE
0.1 26L28 4.01.2] 13,001 718 i 52 7.41248 388 [ 2.7.1126

Figure 18. Corrosion of Steel and Copper,
Site C5> Run I, Soft Water
* Run Restarted After Velocities Correc-.ed
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Figure 19. Corrosion of Steel and Copper, Site C2 Run II,
Blended Hardness, Added 10 ppm Silica, p4 7.8
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Corrosion of Steel and Copper, Site Cp Run III, Soft
Water, Added 6 ppm Silica, and 3.5 ppm Tannin, pH 8.1
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Figure 21. Corrosion of Steel and Copper,
Site D1 Run I, Blended Hardness
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Figure 22. Corrosion of Steel and Copper, Site D] Run II,
Blended Hardness, Added 22 ppm Silica, pd 8.1
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Figure 23. Corrosion of Steel and Copper, Site Dj Run III,
Blended Hardness, Added 11 ppm Silica, pH 8.1
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Corrosion of

Steel and Copper, Site D

Blended Hardness, Added 22 ppm Sillca, pH
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Figure 26. Corrosion ot Steel and Copper, Site D2 Run III,
Blended Hardness, Added 11 ppm Silica, pH 8.0
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Figure 27. Corrosion of Steel and Copper,
Jite E Run I, Blended Hardness
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Figure 28.

Corrosion of Steel

and Copper, Site 7 Run II,

Blended Hardness, Added 10 ppm Silica, pH 1.1
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Figure 29. Corrosion of
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Added 5 ppm Silica, pH 8.2
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Figure 30. Corrosion of Galvanized Steel, Site A Run I,
Soft Water Plus Added Chloride and Sulfate
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Corrosion of Galvanized Steel, Site D3 Run II,
Blended Hardness, Added 22 ppm Silica, pd 8.1
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Table 1. Pertinent Data on Galvanized Steel Specimens
Water Anslysis| Corrosion nate] 24" Specimen and
Site Velocity | Tesp. Added | Added Iron|) Zinc MDD Deposit
Mn ft/sec ‘r Water H | 10, | MeOH pH (re) | (2n) Foel AR i [ Description
Al 1 1.3 LYY Sof:‘C.\,SO“ 4j o o {7.6 0,5 §0.60 20 1.5 §19,. | Light drown,
4.8 11 | 4.4 | 7.2] ratrly continuous
5.9
11 1.3 143 30"461,80“ i 26 |8.0 0.4 | 0.5 24 | 9.2 |27.7) Ten, fairly
4.8 16 | 1.1 }27.5| continuous, little
5.9 grey srea exposed
II1 1.3 137 | Blended Il.rdoCl,SO“ 1ISYA B Y 20 |8.1 0,2 |0.20 20 | 0.7 ]28.9| Brown, continuous,
4.8 26 | 2.9 |25.7] siight heavier
5.9 scale
Ay I 1.3 17h | Sort+Cl,80, sl o o |7.7] 0.6 |0.63 8 [-8.6 [14.5]| Red brown, little
4.8 7 1-5.,2 {12.2] aray metal exposed
5.9
11 1.3 168 | Soft+C1,30, 4] 2 26 |8.3 0.4 | 0.3 13| 5.9 |22.4] Tan, not as
4.8 16 |-1.9 §29.2 ] continuous,
5.9 consideradble
g8lv. exposed
III 1.3 167 | Blended Hara+C1,30, 17125 20 |8.2 0,2 | 0.50 17| 4.9 135.0| Brown, continuous,
4.8 8 -14,.1 }39.9] no gslv. exposed
5.9
B I 0.5 142 | Hard+C1,30, 285 18 o [7.8] 1.6 0.4 9| 2.2 [ 8.0} off-wnite,
2.0 10 | -0.4 13,8 voluminous,
5.2 11 |-1.1 |15.9] non-adhering
11 0.5 180 | Hard 179 O o i1.”7 0.3 10.23 3| 1.3 1.¢| Ten, fairly
2.0 8] 5.5 ] 3.0] continuous, some
5.6 103 8,7 | 2.2] galv. exposed
111 0.5 14k | Herd+C1,s0, ot o 23 |8.0 0.5 | 0.i7 19| 1.5 ]19.0; Brown, fairly
2.0 30 { 3.3 |27.7| continuous,
5.6 a4 | 7.0 119.8] ehicker, iittle
galv, expoaed
B I 0.5 180 | Hard+Cl1,80, 266| 18 o |7.8] 1.2]0.34 5 |-1.8 | 9.2} off-white,
2.0 15| u.5 |16,6] voluminous,
8.7 12 |-2.5 |93.7 | non sdhering
11 0,5 178 | Hard 1701 © 3 ]7.7 0.3 }0.30 11-2.3 1 5.&: Brown, falrly
2.0 1 |-1.8 | 2.1 continuous, some
4.0 21-1.1 ] 8.2} galv. axposed
m| 0.5 179 | Hard+C1,30, ws{ o 23 [8.0| 0.6 Jo.16 | 18| 1.3 |16.5) Red brown, nesvier
2.0 41 1 3.3 [39.9, deposit, some
4.7 40 | 4.2 137.3 gelv. exposed
1 6.5 133 | 3ore 6] o o 17.6] ©.3 [0.25 | 18] 1.k [15.2 Cresm-tan, const-
2.0 21 ] 2.5 {186 deradle galv.
5.0 25 | 6.6 {18.7! exposed
II 0.5 183 Blended Hard 62 9.7 21 8.0 0.0 | 0.08 b 1-6.4 lﬁ.cihn, continuous,
2.0 8] 1.6 ] 7.6} 11ee1e galv.
k.9 18 112.3 j15.)  exposed
11 0.% 185 | Seft 10 5.9 37 (8. 0.1 | 0.04 12 | 0.7 |12.%1 Brown, countlnuous,
2.0 151 2.9 |14.9 no galv. exposed
[N} 20 | &.7 |16.6
e, 1 0.9 126 | Ssort 19] o© ° |7.7) o.i]o0.?8 571 1.0 ] 5.C Light drown, thin,
2.0 6] 3.8 ] 2.3 continuous, pits
5.6 16 {10.0] 7.4 etarting (?)
143 0.5 132 | Blended Mars 561 9.7 21 (1.8 ¢c.0 | 0,06 21-06.2 1 3.3 Lignt tan, contia-
2.0 91 2.3 'Lh'uouo. thicker,
5.6 i1 5.6 | 6.1f1teeie gase,
. asposed
| o 13 | sore 0] 6 v Il o.1]oom | ii] 1.9}10.: bars tan, tnia,
2.0 } 1.1 j1s.cleanttnuous, mo
5.6 6] 7.0 K‘J’in:v. exposed
b
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Table 1. Pertinent Data on Galvanized Steel
Specimens (Continued)

l Water Analyete| Corrosion Rete | 74" Specimen and
Site Velocity | Temp. Added | Added Iron| Zine (0D Deposit
Run ft/sec 4 Vater ¢ uo? NaON | pM {Pe) ] (2n) s AR D Description
LY 4 0.5 132 | Blended Nard njo o |7.8 1.2 1 0.5 15] 0.6 17.2| ~an, continuous,
2.0 18]1-3.0 [23.8 ] i1:tle galv.
».8 24| -5.3 ]30.8 | ~xposed
44 0.5 132 | Blended Nard 65 22 0 j8. 0.3 | 0.10 12] 1.8 |21.8] Derx tan, contin.
2.0 15] -1.4 28,1 | uous, no galv,
5,2 25] 5.7 }3.6| exposed
Ir] 0.5 132 | Diended Nerd mia 13 18,1 o.1 [0.03 | 18] -3.8 [25.6| 2arx ten, contin-
2.0 181 5.7 |35.1] aous, no gelv,
[ W] 26} -3.9 |67.4 | exposes
Dy 1 0.5 181 | Blended Nard 63| o o {7.8] 1.0 {0.80 | 33]-3.9 [s0.2] -1ent red brown,
2,0 33] 6.9 |41.6] s)iigne galv.
5.9 8] -7.6 |16.7( exposes
I1 0.% 181 | Blended Hard 70| 22 o {8. 0.2 | 0.60 101 -1.0 |17.9| Red brown,
2.0 1. | -8.3 120,c | :ontinuous, ltttle
».8 18] -0,6 21,2 aalv. exposed
11| 0.5 3181 ] Blended Hard 65|11 13 |8.0 0,1 | o.ok 28 | -4.2 |37.8] Goid brown,
2.0 24 | -4,6 ]32.5] continuous, no
».8 29 ] 4,0 |37.3 ] 28lv. exposed
| 2 § 0.5 188 | Blended Hard 4| 0 o 7.7 0.5 { 0.3 43 | -7.5 151.% | Ten, some rust
0.% 42 | -7.1 |50.F | 1pots that could
3.1 12 | -1.8 14,2 | develop Into pits
I 0.5 146 | Blended Mard 55 110 26 |[8.1 0.5 | 0.15 91-7.5 {20.0{ ~an, some rust
0.5 5]-6.7 [14.7] spots that could
33 16] 3.1 |34,k | develop Into pite
IIIf 0.5 153 | Blended Hard 73] 5 18 |8.2 0.1 | 0.04 41 | -5.8 |59.7 | Tan, more deposit
0.5 42 $15.7 §63.0 | end protective
3.7 51 -G.Bjs.ﬁ than runs 1 and II

In sddition to silicate and csustic soda treatment, 0.2-1.4 ppm of polyphosphste was applied dy Chanute Water Plant
to all three runs at Site ‘1-‘2"1 and l2 Also 5.5 ppm polyphosphate was applied to "-'1 run I, 7 ppe chestnut
tannin to A, run III and 3.5 ppe chestaut tannin to cl'ca run IXI.

At ll.l run I, nigh hardness caused excessive scele formation in tha system. Chanute softaner system had decome

?
inoperative.

At ll,l2 runs II and III, hardness was higher than desired because of insufficlent softener capacity.
Aceusulation of corrosion products in flow meters of Dl runs I-II and D,‘, run 1 made cleaning necessary monthly,
D, run IIT and n, run II required cleaning every £0 days, whiie D, run III snowed no accumulation. Experience
at this State Institution has indiceted that caustic soda-siiicate trestment as applied in run III! ras reduced
maintenance significantly ‘o past twenty years,

At K runs IX and 111, the h.gher temperstures and rlov retes than run I undoubtedly incressed the corrosion rate,

* 120 days, except AI,A, runs II1 are 102 daye, Cl,f“? run 11 1s 9C days and rua III s 98 eays.
®® £ - After cleaning to setal surface
AB - After claanlng te Light acale surface (Begative value Indlcates & welght gain on expasurs and results from
the welght of the scale and corrosion products exceeding the corroslon 10ss of the specimen.)
D - Total scals and corrodlon products
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Table 2. Pertinent Data on Copper Corrosion Specimens

Site [Velocity | Temp. Added | Added Corrosion Rate Corrosion Insert
Run rt/sec ‘r Water H 810, | NaOK JpH | E**" Jap ] Description
Bl I 0.5 142 uuraocx.so“ 28% i8 o 7.8 2.31 1.7] 1.9 Duil, sl. fine scratches
2.0 3.9] 3.1| 2.7 | Red brown, def. fine
scratones
5.2 5.2} 4.5] 4.5| Red brown, some erosion
corrosicn
II 0.5 140 | Hard 179 (] o |7.7] 8.3] 7.6] 0.3] Shiny, 21. fine scratches
2.0 17,0]16.31 0.2 | Less shiny, sl, erosion
corrosicn
5.6 22,0121.3] 0.2 ] Less shiny, consid. erosion
corroticn
11| 0.5 144 | Hard+c1,S0, | 140 0.0] 23 Je.0| 6.5} 6.0] 0.8]| Dull, el. fine acratches
2.0 26.0j25,48] 0.2 | Blotchy, fome erosiun
5.6 corrosicn
42,0|42.1] 0.1 Shiny, consid. erosion
. [ Iy
B, 1 0.% 180 | rd+Cl1,30, 18 [¢] 0.2 0.3] 1.51 Red brown, 81, flne scratches
2.0 2. l.g 67.2 ] Red brown sl. fine scratches
4.7 2.,3] 1.8J4k, 1| Red drown. consid. fine
scratches
11 0.5 178 | Herd 170 [} o 7.7 g.l g.o 0.6 ] Shiny
2.0 28,0{28.0| 0.3 | Less shiny, some erosion
corrosioun
4,0 42,0{41,9] 0.4 | Rough, consid. erosion
corrosion
III|] 0.5 179 | Hard+Cl,80, 145 (¢} 23 8.0} 7.1] 6.7] 0.8} pull
2.0 ;2.0 34.3] 0.2] Dull, s.. erosion corrosion
b7 L0155.5] 0.3] S1l. luster, coneid,
c, I 0.5 133 [ Soft 16 [ O 7.6 8.5] 5.9] 1.8] Red brown. dull, sl. fine
scratches
2.0 11,0 9.9] 0.8] 31. luste-, some erosion
corrosi n
5.0 28,0{27.21 0.5 S1. shiny, consid, erosion
corros icn
Ir 0.5 143 | Blended Mard | 62 9.7] 21 }8.0] 8.1} 7.9] 1.7] S1. luste-, sl, fine
scratches
2.0 13,0112.6] 1.4] S1. lus:e-, sl. erosion
corrosicn
4.9 17.0416,4] 1.4 S1. tarnizned, sl. ercaton
carroslon
1zl 0.5 144 | Sort 10 5.9] 37 {8.1] 6.7] 6.5]| 0.7 Shiny, s!. fine scratches
2.0 11.0]11.0] 0.5| Shiny, scme erosion corrosion
4.8 13.0}13.0] 0.5| Sniny, coeid. erosion
[ 8
[ 0.5 128 | Soft 19 (4 [} T.I] 5.5] L.7 mr?‘m. S Prrereratenes
2.0 8.6] 7.9} 1.4] pull, scme eroston corroston
5.6 11.0]11,0] 0.6 Dull, consid. eroeion
corrosion
II .9 132 | Blended Hard | 56 9.7} 21 J7.8] 1.} 3.1 0.8 Dull, sl. fine scretches
2.0 8.1{ 8.01 0,6} Dull, s>m= srosion corroston
5.6 13.0{13,2§ 0,6 | Dull, constd. erosion
corroaln
111y 0.5 13% | Sofe 10 $.9] 37 {8.1] 37| 3. 10.2 Shiny, 8l. flne scretches
2.0 4,21 3,9]19.6] Shiay, suve erosion
eorro?lon
5.6 6.8] 6,610, 7] Sniny, scre vrosion
corroslan
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Table 2. Pertinent Data on Copper Corrosion Specimens
(Continued)
Site {Velocity| Temp. Added | Added corrosion R“;l'f Corrosion Insert
Run ft/sec °r Water H S10, | NaOH |pH | F®* AB D Description*®®
D‘ I 0.5 132 § Blended Hard 71 ] o |7.8]14.0} 0,4[14,6] Dars
2.0 12.0 6.7] 9.4 | Dark, some erosion corrosion
4.8 16.0] 6.4}10.9 | Surface b amishes, some
erosion corrosion
I1 0.5 132 Blended Har¢| 66 22 /] PB.I 3.4] 1,1| 4.4 | Dull, def. fine scratches
2.0 3.7] 1.4 4,5 | Duil, def, fine scratches
5.2 4.0] 2.1] 4.) | Surface b_emishes, def.
fine scratches
III} 0.5 132 Blended Mard] 77 11 13 8.1 3.2] 0.3] 4.6 | Dull, def. fine scratches
2,0 3.2 -“.g 11.6 11, s.. erosion corrosion
4.8 3.6]-3.8]11.2 ] Surface blemishes, »l.
&Lrealon corrpsdon
02 1 0.5 181 | Blended Hard| 63 4] o [7.8]10.0] 7.3] 8.6 | Brown
2.0 15.0]11.7| 9.0 | Blemished surface
5.5 17.0113.7] 9.2 | Blemished surface, 5l.
erosion corrosion
11 0.5 181 | Blended Hara| 70 22 0 |8.1] 5.1] 1.4] 6.0 | Red brown
2.0 9.1}-0.7}10.6 | Dull, s.. erosion corrosion
4.8 13.0}-1.3 138 Dulli, sl. erosion corrosion
1§ 0.5 181 | Blended Hara| 66 11 13 |6.0} 5.6} 1.1} 8.6 | Brown filin
2.0 10.0{-0.1]10.6 | Brown filr, si. erostion
cocrrosion
4.8 13.0]-1.8]14.6 | Brown filr, some erosion
I
L 2 4 0.5 184" | Blended Hard| 54 0 0 JT.T] 3.87 2,71 1.2 1 S1, luster
0.5 6.6f 3.4] 1.7 | Dull, s., fine scratches
3.1 5.11 3.9{ 1.7 [ Dull, si, fine scratches
11 0.5 146 | Blended Hard| 55 10 26 |8.1] 3.5] 3.1] 0.8 | Spotted, z1. fine scratches
0.5 4,1] 3.7f 0.7 | Discolored, 8l, fine
scratches
3.3 8.1] 7.9} 0.8 | Spotted, zome erosion
corrosicn
1| 0.5 153 | Blended Hara| 73 5 18 [8.2]10.0} 9.5] 0.7 | Sl. luse-, 81, fine
scretchrs
0.5 12,0111.2] 0.9 ] S1, luster, sl, fine
scratchns
3.7 12,0011,6] 0.7 ] Rough, consider. srosion
corrosion

Temperature, water analysis data and specimen description is the same for all

flows of c¢ne run,

In addition to sllicate and caustic soda treatment 0.2-1.4 ppm of sodium polyphosphate was applied
by Chanute Water Plant to Al,A.‘,.Bl,Bz runs I-III. Also 5.5 ppan polyphosphate was app.iled to BX,B,‘,
run I, 2 ppm chestnut tannin to "2 run III and 3.5 ppm chestnut tannin to <:l,<:2 run 117,

® 120 days, except ‘1"2 runs 111 are 102 days, cl'ci’ run 1T is 90 days and run III 's Q8 days.
-~ After cleaning to metal surface

LL I 4

AB -

D

#6% Fine

Arter cleaning to tight scale surrface {Negative velue indicates s weight gsin on exposure

and results from the weight of the scale and corrosion products exceeding the ~orrosion loss

of the specimen.)
- Total scalw and corroslon products

longltudinal scratches will be designated “siignt” (abbrev. sl.) fine scratches and definite

(sboreviation def.) fine scratches. ¥rasion corroslion will be graded s.ignt, some 31~1 conslderadle,

indicating i1ncreasing seriousness.




Table 3. Pertinent Data on Crevice and Galvanic
Corrosion Specimens
Ca'6vanic Corrosion
Crevice Corrosion Average
Average Conper-Galvanized
Site Temp. Added | Added Galvanized 120 Day® 120 Day*
Run °F Water Hardness 8102 MaOH | pH Ee#» AB D £ AB o]
Al 141 | Soft+C1,80, 4 0 0 7.6 19,4 48] 15,4 -- -- .-
11 143 | sort+Ci,s0, 3 1 26 6.0123.3 6,2 | 29,2 -- -- -
IIT | 137 | Blended Hard+Cl,S0, 117 11 20 B.1| 42,0 8.2 | u2.6 .- -- -
Ay 1 174 | Soft+C1,S0, 5 [} 0 7.71 9.9 0.3 | 15.2 -- - .-
b4 168 | Soft+C1,50, 4 20 26 8,3(24,3 5.7 | 36.1 -- .- .-
IIT | 167 | Blended Hard+Cl,S0, 117 25 20 8.2{28.8] -3.4 | 55.7 .- -- -
LI 142 | Hara+C1,80, 28% 18 0 7.8| 6.0] +0.1 9.7 7.8}-0.3] 10.0
11 140 | Hard+Ci,s0, 179 [¢] o 7.7| 8.9 6.6 2.9 ]115.4]13.6 2.4
IIT | 144 | Hard+C1,30, 140 0 23 |8.0]32.5 9.3 | 24,6 | 16.8] 7.1 | 12.6
B, I 180 | Hard+Ci,so, 266 18 o 7.8| 6.7 0.3 | 37.7 c.8B)11.6 | 35.7
b4 4 178 | Hard+Cl,S0, 170 <] ¢} 7.7| 2.3 0.3 3.9 | 7.0 14.3 2.8
III | 179 | Hard+C1,50, 145 (4] 23 8.0§22.9 3.0 | 25.6 0.4 5.3 28.8
c 1 133 | Soft 16 [+] s} 7.6118.5 2.5 | 16.8 |i2.6] 1.3] 1.7
11 143 | Blended Hard 62 10 21 gol 7.9 2.1 6.5 «.8] 0.9 5.9
IIT | 144 | Soft 10 6 37 8,1} 20,8 3.6 | 19.0 | =, 7.0 9.9
c, 1 126 | sofe 19 [+] 0 7.7 19.9 2.9} 17.0 | .6} 1.3 9.4
1I 132 | Blended Nard £ 10 21 7.6 6.6 0.6 7.1 €71 2.8 3.8
11| 135 | Soft 10 6 37 8,1116.,7 4.0 | 16,2 { ik, 8} 84,0 11.5
D I 132 | Blended MHard 71 0 0 7.81]10.7 2.7 | 15.9 [ W . B|eu.5 | s2.9
11 132 | Blended Hard 66 22 4] 8.1]21.% 2,2 | 29.5 | 51.5(38.3} 17.4
III | 132 | Blended Hard 7 11 13 8,1]461,2 5.5 | 57.8 | 2.1 1.0] 47.5
n, 1 181 | Blended Hard 63 0 0 7.8| 9.6 -2.1 | 14,5 7.6]-3.3| 15.%
11 181 | Blended Mard 70 22 0 B.1]|6.2] -0.7 | 2.3 [11.0} 0.6 17.1
111} 181 | Blended Hard 66 11 13 8.0}32.3} -1.3 | 45,1 | £, 7]-8,0| 26.4
E I 144 | Blended Hard 54 0 [¢} 7.7113.3| -2.5 7.0 | 31.7] 7.6 ] 38.0
I1 146 | Blended Hard 55 10 26 8.1]14.2 1.9 1 17.5 | 106 7.6 21.3
III | 153 | Blended Hard 73 5 16 8,2f37.01-11.8 | 55.4 | 27.4| 1.4 30.0

® 120 days, except Ax,Az runs III are 102 days, Cl' ", tun II is

AB -

After cleaning to metal surface
After cleaning to tight scale surface (Negative value indicates a weight galn on exposure

and results from the welght of the scale and corrosion products exceeding the rc-rosion loss
of the specimen,)
Total scale and corroston products
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Table 4. Analyses of Deposits on Galvanized Steel Specimens

Composition A-I-1]A) -II-1|A)-ITI-2[A,-111-1 |B, -I-2|B, -III-2|B,-I-2|B,~11-2|B,-III-2|C,-I-2
% Loss on ignition 22.5 | 17.9 23.1 11,3 (18,6 ] 20,3 | 14.3 | 19.4 21,5 | 22,9
% Copper oxide (Cu0) 0.87] o0.28 0.06 0.20 0.16 0.19 0.07| 1.4 0.L0 0.79
% Iron oxide ("2°3) 1.31] 1.88 2,16 3.83 1.39 3.10 1.24 4,17 ' .68
£ Zinc oxide (Zn0) 74,0 | 64,2 67.4 21.6 37.5 67.0 14,8 | 66.5 66.6 71,6
% Calcium oxide (CaO) 0.18{ 0.06 0.60 0.62 | 14,6 0.89 | 36.7 0.70 0,90 0.45
% Magnesium oxide
(7)) 0.13] 0.54 0.83 | 19.30 | 1.90} o0.77 | 3.13} 2.4 1.07| 0.3
% Alumina (A1203) 0.9 1.3 0.5 1.5 0.3 1.3 0.7 0.7
% Carbon dioxide
Co,) 6.7 ) 5.0 6.1 2.1 4.1 7.2 5.2 5.5 7.5 8.0
% Sulfate (S0;) 1.5 0.4 1.2 1.0 0.0 0.9 0.8 1.5
£ Phosphorus nentoxide
(1’205 0.12} 0.16 0.2% 0.02 | 18.8 0.19 | 1.9 2.43 0.23 0.04
$ Silica (S10,) 1.66] 14.3 6.07 | 40.9 1.07f 1.62 | 0.35| 1.2 3.05 | 1.30
Composition Cy-1-3|C,-111-3|D, -1-2|D, -11-2| D, -111-2| Dy-1-2|D,-11-2 Dz-ux-z‘[s-x-e E-II-2{E-111-3
% Loss on ignition 23.8 | 23.5 5.1 | 19.5 | 22.7 20.6 | 17.7 2.3 2.9 [21.3 | 21.2
$ Copper oxide (Cu0) 0.92| 3.30 0.19] o0.07] o.11 0.11] o0.27 0.13 " 2.20( 2.80 1.57
$ Iron oxide (Fey0,) 1.36) 2.77 2,05 3.26| 1.56 2.11] 5.30 5.3 1 2.88| 2.00 | 2.15
% 2inc oxide (Zn0) 73.8 | 71.8 65.0 | 57.4 59.2 6s.2 | 57.9 6.5 67.7 [63.3 66.4
% Calcium oxide (Ca0) | 0.16] o0.62 0.86} 0.92 | b.53 4.52| 2.%3 7.67 ; 0.36] 0.35 | 0.27
% Magneslum oxide '
(Mg0) .19} 0.4 0.211 1.33 0.96 0.541 1.57 3.52 ' 0,121 0.1} 0.7¢
$ Aluatna (A1,0,) 0.6 | 1.4 12| 3.5 | 2.6 1.6 | 2.9 0.3 | 0.8
$ Carbon dioxide ;
co,) 6.5 8.7 8.8 6.5 9.2 7.3 7.3 9.2 | 7.2 5.4 T.4
$ Sulfate (S0,) 1.6 | 2.3 0.6 | o.7 1.8 1.5 1 0.3 1.2 0ok
4% Pnosprorus pentoxide \
(P05 0.01{ 0.02 0.00] o0.00 | o0.00 0.00[ 0.00 0.0¢ | 0.10} 0,03 | o©0.0¢
% Silice (810,) 1,38 1.18 1.431] 9.88 5.%7 4.61] 10.0 11.2 0.24] 2.%4 2.3
—
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Table 5.

Summary of Test Conditions and Results

(a) Water Composition, Treatment and Corrosion Test Variables

B2 =I-11A, - XT-1{A, ~ITT-2]A,-T1Y-T -1.2]8,-ITY- 32-1-2 -I1-2]B,~1IT-2]C -1~
1 1 1 2 1 1 2 2 1

Hardness (af Tato,] L K§ 17 7 T30 My Y 15
Alkalinity (as CICO3) 305 357 338 349 348 3€7 ELOY 3L2 367 247
Chloride (C1) 112 13 109 112 102 96 104 u 95 19
Sulfate (S0,) 106 111 o o4 105 85 103 1 81 51
Dissolved oxygen 1.8 2.7 1.7 0.8 k.o 5.7 2.1 3.6 2.8 2.0
Carbon dioxide (CO,‘,)

(from Alkalinity, pH) 11 5 1 4 8 S 11 23 T 10
Added silica (510,) 0.0] 11 11 25 18 0.0 18 0.0 0.0 0.0
Added caustic soda

(NaOH) o 26 20 20 0 23 0 0 23 0
Added polyphos. (mu) [¢] ¢} 0 0 5.5 ¢} 5.5 Q 0 o]
Added tannin Q (4] o 2.0 Q o] o] o [} (o}
Temp, 141 143 137 167 142 Thy 180 178 178 133
Flow, ft/sec 1.3 1.3 3.7 1.3 2.0 2.0 2.0 2.0 2.0 2.0

(b) Hypothetical Combinations of Deposits
on Galvanized Steel Specimens
Baslc zin¢ carbonate

(uzno.cog.hnzo)- 67.3 36.7 59.2 1€.1 41.2| 67.3 20.1 k.2 70.3 78.3
Zine oxide (ZnO)® 20.3] 0.2 10.8 0.0 7.1 13.3 0.6] 31.0 10.9 il.e
Basic zinc

pyrosilicate hydrate

(Zn, (OH),.51,0,.H,0)® 5.2] 47.6 16.7 12.4 1.7 5.3 0.0 0.0 5.0 2.6
% Calcium carbonate

(CACOB) 0.0 0.0 0.5 1.1 0.0 1.1 30.5 1.0 1.1 oL
% Hydroxyapatite .

(Ca, (PO ?‘(on) ) 0.3 0.1 0.6 0.0 26.3 0.5 35.0 1.3 0.5 c.:

10 L6 2
% Magnesium phosphate

("“3("0&)2) 0.0 0.2 0.0 0.0 by 0.0 0.0 e.9 0.0 0.6
Magnesium silicate

(ugsxoB) 0.3 1 2.1 k4 2 0.0 1.9 0.6 2.2 2.7 0.
£ nesium hydroxide

(Mg(oM),) 3.0 9.0 .0 c.0 0.0 c.o 4.2 1.7 o.¢ B
$ Copper oxide (Cu0) 0.9 0.3 0.1 0.2 0.2 0.2 Q.1 1.8 n.A .-
S Ferrlc oxide (71203) 1.3 1.8 2.2 3. R 3.1 1.2 -- 4.2 s
$ Alurtna (A1,04) 0.3 1.3 0.% ) 0.3 .- -- 1.3 0.* 2
“ater, organtic R

gnaccounted for) 10.6) o] 108 5.8 gl 7o I BN il DA

y X-ray dilrrectlion T
s Siitca sxo?): ‘fxxx-'. ®.&
<
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Table 5. Summary of Test Ccnditions and Results (Continued)

(a) Water Composition, Treatment and Corrosion Test Variables

(Continued)
221 C,-I-531C,-111-3 D,-I-2[b,-TI-2] ., -111- 2-1:2 D,-11-2]D,-T1I-2TE-T-2[E-TY-2]E-TTT-3

ardness {(as ﬁCO3) 16 pLs] 11 [39) N4 o3 70 1313 L1 55 3
Alkalinity (as c;coa) 247 284 264 281 277 256 279 277 236 1195 235
Chloride (C1) 19 20 431 39 363 43y 395 4o3 30 25 26
Sulfate (SOu) 51 42 207 201 223 203 202 209 127 106 87
Dissolved oxygen 2.0 0.5 6.3 6.1 6.8 1.8 3.5 u.u 5.7 6.8 6.2
Carbon dioxide (CO,)

(from Alkalinity,“pH)| 10 4 6 3 3 7 4 5 7 2 2
Added silica (3102) 0.0 6.0 0.0 22 11 0.0 22 11 0.2} 10 5.0
Added caustic soda

(NaCH) 0 37 o o] 13 0 (o} 13 [} 26 1R
Added polyphos, (FO,) 0 0 0 0 o ) 0 0 0 0 C
Added tannin 0 3.5 0 ¢} 0 [o] 0 0 [¢] 0 0
Temp. 133 135 132 132 132 181 18 181 1486|146 153
Flow, ft/sec 5.0 5.6 2.0 2.0 2.0 2.0 2.0 2,C 0.5] 0.5 3.7

(b) Hypothetical Combinations of Deposits
on Galvanized Steel Specimens (Continued)

BasIc 21nc carbonate

(bZnO.COQ.hHZ,O)' 64,31 83.3 84,31 98,2 56.2 37.1| 53.2 32.: 70.3] 52.¢ 72.2
Zinc oxide (Zn0)* 24,1 8.9 0.0} o.c 6.6 29.5] 0.0 6.7 15.7| 19.5 a.9
Basic zinc

pyrosilicate hydrate

(an(OH)e.Sieo.r.H?O)' 2.9 1.9 3.9 18.6 4.4 9.9 24,0 20.6 0.2 5.7 b1
% Calcium carbonate

(c.co3) 0.3 1.9 0.8 1.6 8.1 8.1 L.5 13.7 o.4] o.5 0.k
% Hydroxylgmtl:e

(Cay (PO, ) O0H),) 0.0} 0.1 0.0; 0.0 0.0 0.0f 0.0 0.0 0.2 o o,.
% Magnesium phoSphate

(Mga(POu)e) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0} 0.0 oL
Magnesium siiicate

(M33103) G.5 1.0 0.5 33 2.4 1.3 3.9 8.8 0.3 1.0
% Magnesium hygroxide

(Mg?(}'d)e) 0.0l 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 o.0 :

% Copper oxide {CuO) 0.9 3.3 0.2 2.1 0.1 Q.1 0.3 0.. 2.2 2.4 '
% Ferric oxide (Fe203) 1.4 2.8 2.1 3.3 1.6 2.1 5.3 5.3 2.51 2.0 2.0
0.6 1.4 1.2 3.5 2.6 1.6 2.9 .- 01| o.F -

% Alumina {Al,04)

Weter, organic,

| {unaccounted for) 12, 9,2 10,13 6.4 7.4 9.2 2.8 7.5 311.37 1. C
Yy X-ray rac t{on T

e Siltcs (SiCp): Dy-I-2 2.5, Dp-11-2 L.v

N
Y
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